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We reinvestigate the pressure dependence of the crystal structure and antiferromagnetic phase
transition in MnTe2 by the rigorous and reliable tool of high pressure neutron powder diffrac-
tion. First-principles density functional theory calculations are carried out in order to gain mi-
croscopic insight. The measured Ne´el temperature of MnTe2 is found to show unusually large
pressure dependence of 12 K GPa−1. This gives rise to large violation of Bloch’s rule given by
α = d log TN
d log V
= − 10
3
≈ −3.3, to a α value of -6.0 ± 0.1 for MnTe2. The ab-initio calculation of
the electronic structure and the magnetic exchange interactions in MnTe2, for the measured crystal
structures at different pressures, gives the pressure dependence of the Nee´l temperature, α to be
-5.61, in close agreement with experimental finding. The microscopic origin of this behavior turns
to be dictated by the distance dependence of the cation-anion hopping interaction strength.
PACS numbers: 75.30.Vn, 75.25.+z, 75.40.Cx
I. INTRODUCTION
Long time ago in 1966, Bloch1 studied the pressure
variation of the Ne´el temperature, TN and that of vol-
ume (V ) of several transition-metal (TM) based antifer-
romagnetic insulators (AFI) and came up with the gen-
eral relationship
α =
d log TN
d log V
= −10
3
≈ −3.3. (1)
In the localized-electron limit where perturbative su-
perexchange theory is applicable, the Ne´el temperature
can be related to the effective TM-TM hopping interac-
tion (b), charge transfer energy (∆) and Coulomb inter-
action (U), as
TN ∼ b2
[
1
U
+
1
2∆
]
. (2)
The first term in the above equation is the Anderson su-
perexchange term and the second term involves the two
electron transfer from the anion. A theoretical rational-
ization of the Bloch’s rule comes from the calculations of
the variation of the cation-anion transfer integral bca with
the cation-anion bond length r, which varies as r−n. The
calculated values2,3 of n using molecular orbital theory or
configuration interaction method on transition-metal ox-
ides and flourides, turn out to be in the range 2.5-3. This
leads to TN ∼ r−10 ∼ V −3.3, assuming b = (bca)2/∆. Ex-
perimentally Bloch’s rule is obeyed by a variety of Mott
insulators. However, there are exceptions too. For ex-
ample, while Bloch rule is found to be obeyed in YCrO3
and CaMnO3, it was found to fail in LaMnO3.
4 The fail-
ure has been explained in terms of breakdown of local-
ized approach used in Bloch’s formulation. We note that
the cases discussed so far on the pressure dependence of
TN , all involve oxygen or flourine, i.e. anions with 2p
electrons. As is well known, the nature of anionic wave-
function changes as one moves down the column of the
periodic table, from 2p to 3p series and even more to 4p
and 5p series, effecting the TM-anion bonding. It would
therefore be of interest to consider the validity of Bloch’s
criterion in case of TM compounds containing anions like
Te.
A compound of interest in this context is MnTe2.
MnTe2 belongs to a large class of pyrite type and re-
lated marcasite and arsenopyrite type compounds MX2
(M = transition element, X = Chalcogen or pnictogen
element) with diverse magnetic and electrical properties.
They range from insulator to metal or even supercon-
ductor. They can be diamagnetic, weakly paramagnetic,
ferromagnetic or antiferromagnetic etc. The magnetic
semiconductor MnTe2 having a pyrite type crystal struc-
ture, as shown in Fig. 1, orders below TN ≈ 88 K in
type-I antiferromagnetic structure5–7 with the propaga-
tion vector k = (1, 0, 0). The magnetic phase transi-
tion at TN was found to be of second order within ex-
perimental resolution6,7 although the related other man-
ganese dichalcogenides MnS2 and MnSe2 undergo first-
order phase transitions8–11 at TN . The magnetic struc-
ture of MnTe2 had been subject to controversy,
5,12,13
regarding whether the magnetic structure of MnTe2 is
of collinear single-k or non-collinear triple-k type, or
whether there is any spin reorientation transition. Burlet
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2FIG. 1: (Color online) Schematic representation of the crystal
structure of MnTe2. Mn atoms are shown as smaller purple
spheres and Te atoms as larger yellow spheres. The upper
panel shows the polyhedral representation of the MnTe6 oc-
tahedra. The lower panel shows the ball and stick version
of the same structure where the distorted octahedral coordi-
nation of the Mn by six Te atoms and distorted tetrahedral
coordination of the Te atom by the three Mn and one Te
atoms can be seen.
et al.7 resolved this controversy and determined the mag-
netic structure to be of non-collinear triple-k type. The
structure was found to be stable below TN down to 4.2 K,
the lowest temperature at which the magnetic structure
was investigated.
The high pressure X-ray diffraction was carried out
previously,14,15 to study the pressure induced volume
changes in MnTe2, though no detailed structural anal-
ysis was carried out in terms of determination of atomic
positions. Also, in a separate study the pressure depen-
dence of Nee´l temperature was obtained from resistiv-
ity and Mo¨ssbauer measurements.25 The results of these
two studies put together show a large violation of Bloch’s
rule, which however has not been stressed before. More
importantly, a microscopic understanding of this phe-
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0.97524RFIG. 2: (Color online) Pressure dependence of the structural
parameters of MnTe2 determined from the data measured on
PEARL diffractometer of ISIS Facility. The red continuous
lines are guides to the eye.
nomena was lacking.
In the present study, we take up this issue by experi-
mentally revisiting the pressure dependence of the struc-
ture and magnetic ordering temperature of MnTe2 in
terms of high-pressure powder neutron diffraction mea-
surment, together with first-principles density functional
theory (DFT) calculation to provide the microscopic un-
derstanding. The neutron diffraction study carried out in
the present work, is undoubtedly a more reliable tool to
measure the magnetic transition temperatures, compared
to resistivity or Mo¨ssbauer. In addition, the present
neutron diffraction study provide the detailed structural
information, which was not available before, based on
which our first-principles calculations have been carried
out. Our rigorous study confirms and rationalizes the
breakdown of Bloch’s rule in MnTe2.
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FIG. 3: (Color online) Pressure variation of the unit cell vol-
ume of MnTe2 and its fit with Murnaghan equation of state
that gives B0 = 34.6± 1.0 GPa and Bo′ = 8.8± 0.4.
II. METHODOLOGY
High pressure neutron diffraction investigations were
done on three neutron powder diffractometers, viz.
PEARL at the ISIS Facility in UK, D20 of Institute
Laue-Langevin, Grenoble and also SNAP at SNS, Oak
Ridge. Pressure was generated by Paris-Edinburgh
pressure cells19,20 and a mixture of 4:1 deuterated
methanol:ethanol was used as pressure transmitting
medium. The PEARL measurements used anvils made
of tungsten carbide and a scattering geometry which re-
stricted the available d-spacing range to below 4.2 A˚, i.e.
the magnetic (100) reflection was not recorded. Rietveld
refinements of the patterns to the crystal structure were
carried out by the GSAS program21. The experiments on
D20 and SNAP used anvils made of cubic boron nitride20
and a scattering geometry which gives access to reflec-
tions with larger d-spacings. The sample temperature
was controlled using closed-cycle cryostats; fast cooling
to 77 K was achieved by flooding the cell assembly with
liquid N2. The pressure was determined from the known
pressure variation14,15 of the lattice parameter of MnTe2.
DFT calculations on the experimentally measured
structures were carried out in the plane-wave basis,
within the generalized gradient approximation (GGA)
for the exchange-correlation functional, as implemented
in the Vienna Ab-initio Simulation Package.22 We used
Perdew-Burke-Ernzerhof implementation of GGA.23 The
projector augmented wave potential was used. For the to-
tal energy calculation of different spin configurations, we
considered a 2 × 2 × 1 super-cell containing a total of 48
atoms in the cell. For the self-consistent field calculation,
an energy cut-off of 600 eV and 4 × 4 × 8 Monkhorst-
pack K-point mesh were found to provide good conver-
gence of the total energy. The missing correlation at the
Mn sites beyond GGA, was taken into account through
supplemented Hubbard U (GGA+U) calculation24 fol-
lowing the Dudarev implementation, with choice of U =
5.0 eV and Hund’s coupling, JH of 0.8 eV. Variation in U
value has been studied and found to have no significant
effect on the trend.
III. EVOLUTION OF THE STRUCTURAL
PARAMETERS UNDER PRESSURE
The pyrite type crystal structure of MnTe2 in the Pa3¯
space group has Mn atom at 4(a) (000) and Te atom at
8(c) (xxx) position. The cubic lattice parameter a and
the Te positional parameter x were refined along with
the isotropic atomic displacement parameters of Mn and
Te atoms. Figure 2 shows the pressure dependence of
the structural parameters of MnTe2, viz. lattice parame-
ter, positional parameter x of Te atom, Mn-Te and Te-Te
bond lengths and the Mn-Te-Mn and Mn-Te-Te bond an-
gles. The results are very remarkable and contrary to our
naive expectation that the Te-Te bond distance would
continuously decrease with pressure. Instead the bond
distance seems to increase slightly at lower pressure but
after reaching a maximum at P = 2 GPa it decreases and
becomes somewhat flat at about P = 10 GPa. The two
bond angles also show anomalous pressure dependence.
This is expected since all the relevant bond distances and
angles are derived from the single Te positional param-
eter x and the cubic lattice parameter a that decreases
with pressure in the usual way. In contrast, the Mn-
Te bond length is highly pressure sensitive and almost
entirely responsible for the pressure-induced volume re-
duction, suggesting relatively weak Mn -Te bonds which
are susceptible to changes upon application of pressure.
The remarkable pressure response of the Te-Te bond dis-
tance and Mn-Te-Mn and Mn-Te-Te angles should be re-
flected in the pressure dependence of the superexchange
interaction that decides the pressure variation of the Ne´el
temperature, as obtained in our first-principles calcula-
tions. Fig. 3 shows the pressure variation of the unit
cell volume of MnTe2 and its fit with Murnaghan equa-
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FIG. 4: (Color online) Neutron powder diffraction intensi-
ties of the 100 and 110 magnetic peaks along with the 111
nuclear peak at several temperatures below and close to the
antiferromagnetic Ne´el temperature TN = 88 K. The data
have been measured on the D20 diffractometer of the Institut
Laue-Langevin in ambient pressure. The red lines are results
of Gaussian fits of the Bragg peaks.
tion of state. The fit gave B0 = 34.6 ± 1.0 GPa and
Bo′ = 8.8 ± 0.4 where B0 is the bulk modulus and Bo′
is its pressure derivative. The values agree well with the
values determined previously from high pressure X-ray
diffraction14,15.
IV. MEASURED PRESSURE VARIATION OF
TN
The antiferromagnetic phase transition of MnTe2 was
first investigated at ambient pressure with the sample
(outside the pressure cell) fixed to the cold tip of the
standard orange cryostat. Fig. 4 shows neutron powder
diffraction intensities of the 100 and 110 magnetic peaks
along with the 111 nuclear peak at several temperatures
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FIG. 5: (Color online) (a) Temperature variation of the in-
tegrated intensitiy of the 100 magnetic Bragg peak. The red
line is result of the least-squares fit of the data. The temper-
ature range of the data used for the fit is also given by the
temperature range of the red line. The least-squares fit gives
the power-law exponent β = 0.29± 0.04 and a Ne´el tempera-
ture TN = 88 ± 2 K. (b) Log-log plot of the intensity of the
100 magnetic reflection vs. reduced temperature.
below and close to the antiferromagnetic Ne´el tempera-
ture TN = 88 K. Fig. 5(a) shows the temperature varia-
tion of the integrated intensity of the 100 magnetic Bragg
peak. The intensity of this reflection decreases continu-
ously with increasing temperature and becomes zero at
about TN ≈ 88 K. The data just below TN could be fitted
by a power-law exponent
I = I0
(
TN − T
TN
)2β
(3)
where I is the integrated intensity, I0 is the saturation
value of the intensity at T = 0, TN is the critical tem-
perature and β is the power-law exponent. Least-squares
fit of the data in the temperature range from T = 60 to
T = 88 K gave β = 0.29 ± 0.04 and a Ne´el temperature
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FIG. 6: (Color online) Neutron powder diffraction intensi-
ties of the 100 and 110 magnetic peaks along with the 111
nuclear peak of MnTe2 under P = 4.75 GPa at several tem-
peratures below and above the antiferromagnetic Ne´el tem-
perature measured on the SNAP diffractometer of the SNS of
Oak Ridge National Laboratory. The red lines are results of
Gaussian fits of the Bragg peaks.
TN = 88 ± 2 K. The fitted value of the Ne´el temper-
ature was used to determine the reduced temperature
t = (TN − T )/TN . We then produced a standard log-log
plot shown in Fig. 5 (b) to extract the critical expo-
nent β = 0.29 from the slope that agreed well with that
determined by the least-squares fit.
Fig. 6 shows neutron powder diffraction intensities of
the 100 and 110 magnetic peaks along with the 111 nu-
clear peak of MnTe2 under P = 4.75 GPa at several tem-
peratures below and above the antiferromagnetic Ne´el
temperature. It is immediately noticed that the applica-
tion of hydrostatic pressure P = 4.75 GPa increases the
Ne´el temperature TN = 88 K of MnTe2 substantially.
By fitting the temperature dependence of the intensity
of the 100 magnetic peak and fitting the data by a power
law we determine TN = 145 ± 7 K. Fig. 7(a) shows
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FIG. 7: (Color online) (a) Temperature variation of the in-
tensity of the 100 reflection of MnTe2 at P = 4.75 GPa and
its power-law fit. The red line is result of the least-squares
fit of the data. The power law fit yields TN = 145± 7 K. (b)
Pressure variation of the Ne´el temperature of MnTe2. The
Mo¨ssbauer and the resistivity data are taken from Vulliet et
al.25. The linear fit of the neutron data yields dTN
dP
= 12 K
GPa−1. (c) Log-log plot of Ne´el temperature TN vs. unit cell
volume of MnTe2. The red straight line is the result of the
linear fit of the data yielding α = −6.0± 0.1.
this fit. Similarly we determined the Ne´el temperatures
of MnTe2 at several pressures. The result is shown in
Fig. 7(b). The obtained trend agrees well with that ob-
tained from resistivity and Mo¨ssbauer spectroscopy25, as
also shown in Fig. 7(b). The neutron diffraction results
show that TN of MnTe2 increases linearly in the pres-
sure range 0 − 8 GPa at a rate of about 12 K GPa−1,
determined from the slope of the linear plot. From this
linear relationship we calculated the TN values for the
pressures at which we determined the lattice and posi-
tional parameters of MnTe2 from the high pressure neu-
tron diffraction experiment on the PEARL diffractome-
ter. Fig. 7(c) shows the log-log plot of Ne´el temperature
6TN vs. unit cell volume of MnTe2. The slope of this
plot gives α = −6.0 ± 0.1 which is much larger than
the Bloch rule value of α = −3.3. Our result therefore
point towards a spectacular breakdown of Bloch’s rule in
MnTe2. We note that transition to a non-magnetic state
of the Mn2+ ions in MnTe2 was reported
25 from the re-
sistivity and Mo¨ssbauer study, and also evidenced by the
pressure variation of infrared reflectivity investigated by
Mita et al.26. Our experiments however did not show the
volume collapse observed in high pressure X-ray diffrac-
tion experiments14,15. It is therefore plausible that we
did not reach the transition pressure during the present
high pressure neutron diffraction experiments. The ex-
act pressure at which the transition to a non-magnetic
state is expected to happen depends sensitively on the
experimental conditions.
The present neutron diffraction data contain in prin-
ciple the magnetic moment information because neutron
diffraction probes both crystal and the magnetic struc-
tures and the intensities of the magnetic reflections when
put to the absolute scale by using the intensities of the
nuclear reflections can give the ordered moment values.
However this is not an easy task especially in a high pres-
sure experiment using a large Paris-Edinburg pressure
cell. The high absorption of the pressure cell and also
a very high background hinders accurate determination
of the nuclear and magnetic intensities. In the present
case despite our efforts the determination of the pressure
dependence of ordered moment from the neutron diffrac-
tion data was not successful. We know however from our
calculations (using pressure dependence of the structural
parameters) that the ordered moment of Mn ions does
not change at all (or very little) in the range 0 - 9 GPa
investigated. The present high pressure neutron diffrac-
tion data seem to support this result. The intensity ratio
of the magnetic and nuclear Bragg peaks do not change
very much and is within the accuracy in the pressure
range investigated.
V. FIRST-PRINCIPLES STUDY
A. Calculated Pressure Variation of Nee´l
Temperature
To gain understanding on the significantly large pres-
sure dependence of the Nee´l temperature in MnTe2 we
carried out theoretical investigation in terms of first-
principles DFT calculations. Fig. 8 shows the com-
parison of the spin-polarized density of states of MnTe2
at ambient pressure and at a pressure of 9.16 GPa, the
highest pressure studied in the present calculations. The
spin-polarized calculations within GGA+U gave rise to
a magnetic moment of 4.6 µB (4.5 µB) at Mn site to-
gether with a moment of 0.03 µB (0.05 µB) at Te site
for the ambient (P = 9.16 GPa) pressure condition, sug-
gesting the high-spin state of Mn at both ambient and
high pressure conditions, in agreement with experimental
FIG. 8: (Color online) Comparison of GGA+U density of
states between the ambient pressure (solid line) and high pres-
sure (shaded area) phases. The energies are measured with
respect to GGA+U Fermi energy. The states of dominant
Mn-d and Te-p characters have been marked.
findings. Both ambient pressure and high pressure phases
were found to be insulating, with a gap at Fermi energy,
marked as zero in the figure. The Mn-d states are fully
occupied in the majority spin channel and completely
empty in minority spin channel, in correspondence with
high spin state of Mn in its nominal 2+ valence state.
The comparison of the density of states between ambient
pressure and at high pressure though, shows enhance-
ment of the Mn-d band width by ≈ 1 eV, indicating the
hopping interaction between Mn-d and Te−p to increase
substantially in moving from ambient to high pressure
phase.
To extract the various magnetic interactions (J ’s) be-
tween the Mn spins, we calculated the GGA+U total en-
ergies for various configurations of Mn spins and mapped
the total energy onto an underlying S = 5/2 Heisenberg
model. Calculations were carried out for six different
pressures, 0.0 GPa, 0.4 GPa, 2.16 GPa, 5.32 GPa, 8.43
GPa and 9.16 GPa. The dominant magnetic interactions
considered in our calculation of J ’s, were J1, between
the first nearest neighbor (1NN) Mn atoms, connected
to each other by the corner-shared Te atoms, and J2,
between the second nearest neighbor (2NN) Mn atoms,
connected to each other through Te-Mn-Te bridges.
Apart from the ferromagnetic (FM) configuration,
with all Mn spins in the supercell pointing in the same
direction, two different antiferromagnetic (AFM) config-
urations, AFM1 and AMF2 were considered, with an-
tiferromagnetic arrangement of 1NN Mn and 2NN Mn
spins. The GGA+U total energies corresponding to
AFM configurations, measured with respect to the en-
ergy of FM configuration, turned out to be negative, for
all the studied pressures, in accordance with dominance
of anti-ferromagnetic interactions. Extracting J1 and J2
by mapping the total energy onto the spin Hamiltonian,
given by H = −J1
∑
nn S
i
Mn.S
j
Mn − J2
∑
2nn S
i
Mn.S
j
Mn,
7FIG. 9: The ratio of J ’s at pressure P and that at ambient
pressure (denoted as P = 0), plotted as a function of pressure.
The solid line corresponds to J1, and dashed line corresponds
to J2.
gave J2 a small fraction of J1, with J1/J2 = 0.09 at ambi-
ent pressure and 0.12 at 9.16 GPa, suggesting the mag-
netism being primarily governed by J1. The pressure
dependence of exchange interactions is shown in Figure
9.
With the knowledge of J’s, we calculated the Nee´l tem-
perature TN using Mean-field theory, given by T
mf
N =
S(S+1)J0
3KB
, where J0 is the net effective interaction 12J1
+ 4J2, S = 5/2, and KB is the Boltzmann con-
stant. Mean field is expected to overestimate the tran-
sition temperature, though the trend is expected to
captured well, which is governed by J ’s. The com-
puted log[TN (P)/TN (0)] plotted as a function of log(V )
is shown in Fig. 10. The straight line fit to the calcu-
lated data points gives rise to a slope of -5.61, close to
the experimental estimate of -6.0 ± 0.1. Both our exper-
imental results and ab-initio calculations, thus establish
that Bloch’s rule is largely violated in MnTe2. In the fol-
lowing we theoretically investigate the microscopic origin
of this behavior.
B. Microscopic Origin of breakdown of Bloch rule
Bloch’s rule has been found to be very successful with
many magnetic insulators, especially the transition metal
oxides and fluorides. The question then arises: what
makes the Bloch’s rule fail for MnTe2? In order to explore
this, we extracted the hopping interactions bca, where
c and a signifies Mn and Te, respectively, by carrying
out N-th order muffin-tin orbital (NMTO) based NMTO-
downfolding calculations.27 This involved construction of
real-space representation of the Mn d- O p Hamiltonian in
FIG. 10: (Color online) Log-log plot of TN (P)/TN (0) versus
volume. The linear fit to the data points is shown with line,
having a slope of α = -5.61.
Wannier function basis out of the full DFT calculations,
by integrating out all the degrees of freedom other than
Mn d and Te p. Our NMTO-downfolding calculations to
extract the dependence of bca on cation-anion distance r
gave, bca ∼ 1r4.2 , instead of bca ∼ 1r2.5 assumed for deriva-
tion of the Bloch’s rule. This gives TN ∼ 1r17 ∼ 1V 5.67 ,
very close to the estimate obtained from total energy cal-
culations, as well as from the experiment. This points to
the fact that violation of Bloch’s rule in case of MnTe2
is caused due to the deviation in the distance depen-
dence of bca, from the 1r2.5 behavior rather than that by
U or ∆. We find that the distance dependence of bca
found for MnTe2, is more like the canonical behaviour,
28
in which the interatomic matrix elements are supposed
to scale with distance as 1
rl+l′+1
where l and l′ are the
angular momenta of the orbitals involved. In case of sev-
eral TM oxides, on the other hand, anaylysis of DFT
band structure,29 gave rise to a 1
rl+l′
behavior, similar to
that obtained from molecular orbital theory or configura-
tion interaction method on KNiF4 or MnO or MnF2
2,3.
This presumably originates from differential nature of Te
4p wavefunctions compared with that of 2p or 3p, which
together with non monotonic pressure dependence of po-
sition parameter, x, influences the super-exchange inter-
action in a differential manner.
VI. SUMMARY
In conclusion, the Ne´el temperature of MnTe2 was
found to show unusually large pressure dependence of
about 12 K GPa−1, which has been confirmed in the
present study through more rigorous and reliable high
8pressure neutron diffraction experiments compared to
that in literature, as well as through first-principles den-
sity functional theory calculations. Our measured pres-
sure dependence of the Ne´el temperature and unit cell
volume gave α = −6.0 ± 0.1 which is much larger than
that expected from the Bloch’s rule α = d log TNd log V = − 103 ≈
−3.3. The calculated pressure dependence of Ne´el tem-
perature gave rise to α = −5.61 in good agreement with
the experimental estimate. We provided a microscopic
understanding of this behavior in terms of the distance
dependence of Mn-Te hopping interaction upon applica-
tion of pressure, which showed significant deviation from
that for NiF4 or MnO or MnF2
2,3.
Finally, the large pressure dependence of magnetic in-
teractions and magnetic ordering temperature provide us
with a handle to tune the properties of magnetic mate-
rials, which can lead to important technological applica-
tions. The present study, should have important bearing
on this topic.
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